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P
roteins perform a vast array of different cellular activities, but none function in isolation. Instead, they act synergistically as a system of complex networks of exquisitely regulated proteinϪprotein interactions (1−6). Genome-scale analyses have begun to reveal the components of protein interaction networks and their role in specific cellular processes, pathways, and disease. One can now envisage specific interventions to inhibit pathways and consequently change cellular and even organismal fate (7, 8) . In order to specifically modulate interactions in vivo, there is a need for new molecular tools. Recently, there have been several efforts to develop engineered protein scaffolds that can be used as intracellular binding module alternatives of coventional antibodies, covered in this review (9) . Here we present a novel strategy by which to create small protein modules to bind to any desired protein target, which can be used to perturb protein interaction networks. We demonstrate that it is possible to create protein modules (T-Mods) tailored to have desired binding specificities and affinities and to use them as tools to modulate cellular processes in vivo. We show the application of such a T-Mod to inhibit an essential proteinϪprotein interaction in yeast. The principles and approach taken are general and should prove a useful tool applicable to many other systems.
Our approach is to generate a library of binding modules, based on a small, stable protein framework, and to screen this library to identify modules with the desired binding specificity. Having identified modules with the desired binding specificity, we expressed them in vivo to inhibit a specific proteinϪprotein interaction, and analyzed their effects on cellular pathways. The tailored binding modules (T-Mods) are based on the tetratricopeptide repeat (TPR) motif, a 34-amino-acid sequence that adopts a helix-turn-helix structure ( Figure 1 , panel a) (10−12) . The TPR helices stack to form elongated superhelical structures, with the inner surface of the superhelix serving as a platform for proteinϪprotein interactions (10, 13−18) . Three tandem repeats comprise both the smallest functional array of TPR motifs and the most common number of repeats per domain in nature (10) . Proteins containing TPR domains display a broad range of binding specificities and are implicated in a variety of cellular processes. In addition, TPR domains bind their ligands without undergoing major conformational changes (19) and are stable and robust scaffolds (16, 18) . All these features make the TPR fold an attractive structural framework for the design of novel binding modules (20−24) .
We chose a biologically and clinically relevant protein as a test case: the human protein Dss1. Dss1 is a small, evolutionarily conserved protein that was first identified through the association of its deficient expression with the split-hand/split-foot malformation disorder (25) . Dss1 is a binding *Corresponding author, lynne.regan@yale.edu.
partner of the breast cancer susceptibility protein, BRCA2 (26) . BRCA2 is involved in double-strand break DNA repair (27) , and Dss1 binding is critical for both BRCA2 stability and function (28, 29) . The residues of both Dss1 and BRCA2 that form the interaction interface are particularly well conserved across different species relative to the rest of the protein. Also, mutations at several of the residues of BRCA2 that participate in Dss1 binding are associated with breast cancer (30) (Figure 1, panel b) . Tantalizingly, although yeast do not possess a BRCA2 homologue, they do have a Dss1 ortholog, called Sem1, which resides primarily in the nucleus. Cellular roles that have been proposed for Sem1 include mRNA export (31, 32) , proteasomal function (33−35) , and RNA splicing (32) . The specific function of Sem1 in any of these pathways, however, remains unclear. By designing a protein that can bind Dss1 or Sem1 in vivo, we generated a valuable tool with which to elucidate and modulate the mechanism of action of this protein.
To identify modules with the desired binding specificity, we first created a library of 2.7 ϫ 10 8 different proteins using the TPR2A domain of Hop (13) as a scaffold, by simultaneously randomizing seven key residues in the binding site to each of 19 different amino acids ( Figure 1, panel a) (36, 37) . To identify the TPR proteins that bind Dss1, we used a split green fluorescent protein (GFP)-based screen (38, 39) , a new method of screening libraries to identify binding partners (see the following Article). We have previously demonstrated that the two halves of GFP will only reassemble in vivo to generate a fluorescent protein when they are expressed as fusions to two proteins that interact. Most importantly, the split GFP assay recapitulates binding specificities that have been measured in vitro, and the possibility of false positives is therefore extremely low (38, 39) . We fused the C-terminal 19 residues of Dss1 (Dss1-C19) (Figure 1, panel b) to the N-terminal fragment of GFP (N-GFP) and the TPR library to the C-terminal fragment of GFP (C-GFP). The last seven residues of Dss1 are not observed in the X-ray structure and are presumably unstructured; the preceding 12 residues of Dss1 interact with BRCA2 ( Figure 1, panel b) (30) .
We used three rounds of fluorescenceactivated cell sorting (FACS) to identify and collect Escherichia coli cells with high fluorescence (see the following Article). Fluorescent cells from the final sort were collected, plated, and restreaked to confirm fluorescence, and 96 of 106 colonies were fluorescent upon restreaking. From these 96 hits, 84 complete sequences were obtained and of these 55 were unique.
An examination of amino acid identity at the randomized positions of the 55 unique genes clearly showed that certain amino acids or types of amino acids are favored at three positions (K301, R305, and N308, Figure 1 , panel a). An acidic residue (Glu or Asp) was favored at position 301 in 80% of the hits. At position 305 the two most common residues were Leu and Val (67%) and at position 308 Leu and Met were most common (80%). The strong consensus at these positions suggested that the selection had worked, and that these residues may constitute the binding site for Dss1-C19. No obvious consensus was observed at the other four randomized positions.
We chose two T-Mods for further characterization: T-mod(Dss1A), a consensus hit with Asp, Leu, Leu at positions 301, 305, and 308 respectively, and T-mod(Dss1B), a nonconsensus hit with Glu, Val, and Arg at those three positions. The genes for the chosen TPR modules were subcloned into an expression vector, and the proteins purified (16, 21) . Both are folded and of comparable stability as the parent TPR, as determined by circular dichroism (data not shown) (19) . We determined the binding affinity of the selected T-Mods for Dss1 using isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR). T-Mod(Dss1A) binds Dss1-C19 with a dissociation constant of 20 M and T-Mod(Dss1B) binds Dss1-C19 with a dissociation constant of 19 M (Figure 2) . These values are comparable to those of natural TPRs binding their cognate peptide ligands. For example, wildtype TPR2A binds the C-terminal peptide of Hsp90 with a dissociation constant of 6 M and TPR1 (also from Hop) binds the C-terminal peptide of Hsp70 with a dissociation constant of 18 M (15).
For the proposed in vivo applications, it was important to confirm that the T-Mods recognize not only the Dss1-C19 peptide but also the full-length Dss1 protein. We therefore tested the ability of the T-Mods to bind to full-length human Dss1, fused to GST for ease of purification and identification. Both T-Mod(Dss1A) and T-Mod(Dss1B) bind to full-length Dss1 in this context and show no nonspecific binding to GST alone or to GST fused to a noncognate peptide (data not shown).
To obtain a better molecular understanding of the T-Mod-Dss1-C19 interaction, we sought to map the region within the Dss1-C19 peptide recognized by the T-Mods. The paradigm for TPR-peptide recognition is that 5Ϫ7 residues of the peptide are bound in the TPR recognition pocket in an extended conformation. With this in mind, we synthesized three shorter peptides: two that were the N-and C-terminal halves of the 19-mer Dss1-C19 peptide and a third that covered the central region.
We assayed binding to the T-Mods by ITC and observed no binding (data not shown). We then explored the possibility that the Dss1-C19 peptide may have secondary structure critical for the interaction. The circular dichroism spectra of the Dss1-C19 peptide, both free and bound to the T-Mod, indicate that it is helical ( Figure 3, panel a) . We also used the program Agadir to predict the helical content of the Dss1 peptide (http://www. embl-heidelberg.de/ Services/serrano/ agadir/agadir-start. html) (Figure 4 , panel a) (40) . The Agadir predictions are in agreement not only with the percent helicity of the Dss1-C19 peptide but also with the region of the Dss1 sequence that is helical in the co-crystal structure with BRCA2 ( Figure 4 , panel a and Figure 2 , panel b).
We generated a working structural model for the Dss1-TPR interaction, which integrates the information on both the Dss1-C19 peptide and the TPR binding surface. First, we know that Dss1-C19 adopts a helical structure, both in solution and in complex with the T-Mods. Second, we know the region of Dss1 that is predicted to be helical in the free peptide and that this region is also helical in the BRCA2-Dss1 co-crystal structure. Third, we know the consensus residues for Dss1 binding on the T-Mod. Thus, it is reasonable to model Dss1 as binding to the T-Mod in a helical conformation, with the conserved residues identified in the screen playing a key role in Dss1 binding. The working model shown in Figure 3 , panel b represents the most reasonable solution using these constraints. We generated a series of Dss1-C19 mutants to test this model. We individually mutated the residues R57 and L60, which were predicted to be critical for the Dss1-T-Mods interaction, to Ala, so as not to perturb the helicity of the peptide (which was confirmed by CD; data not shown). We measured the binding to the T-Mods(Dss1A and B) by ITC. The effects of the mutations on the Dss1-C19 peptide were comparable for both T-Mods. The R57A mutation significantly reduced the binding affinity ( Figure 3 , panel c)
, and the L60A mutation, which is positioned in the central packing layer of the predicted interaction surface, completely disrupted the binding for both T-mods ( Figure 3, panel d) . The results of the point mutations support the working model and emphasize the specificity of the T-ModϪDss1 interaction.
Using T-Mods To Perturb Cellular Pathways in Yeast. Yeast Sem1 has 40% overall sequence identity and 70% sequence similarity with the human Dss1 protein (ClustalW (41)) ( Figure 4, panel a) . We used ITC to assess the ability of the antiDss1 T-Mods to bind to Sem1 in vitro. ITC experiments confirmed the binding of the T-Mods to Sem1, albeit with weaker affinity than Dss1 (K d ϭ 175 M) (data not shown).
The biological functions of Saccharomyces cerevisiae Sem1 have been studied extensively (26, 32−34) . A strain of S. cerevisiae lacking the gene encoding Sem1 (sem1⌬) exhibits no significant growth defect at 25°C, but is nonviable at 37°C (26) . The sem1⌬ strain is complemented equally well by plasmid expressed yeast Sem1 or human Dss1 (Figure 4 , panel b) (34) . With these observations as background, we tested the ability of the T-Mods to bind and thereby inhibit Dss1 or Sem1 function in vivo. When the anti-Dss1 T-Mods are expressed in yeast, there is no observable growth defect at 25°C, i.e., expression www.acschemicalbiology.org of the T-Mods has no general detrimental effect (Figure 4, panel b) . We have expressed several other T-Mods with different binding specificities in yeast and observed no growth defect whatsoever at either 25 or 37°C. At 37°C, expression of the anti-Dss1 T-Mod results in cell death (Figure 4,  panel b) . We interpret this result as being consistent with binding to and thereby inhibition of endogenous Sem1 activity. Further support for this interpretation comes from the finding that supplying exogenous Dss1 in cells expressing the T-Mod partially reverses the growth defect at 37°C; this presumably reflects the partial titration of the dominant-negative T-Mod through binding to Dss1. The severity of the growth defect directly correlates with the expression level of the T-Mods: a more severe defect is observed when the T-Mods are expressed from a high-copy number plasmid (p424-GAL1) compared to when they are expressed from a low-copy plasmid (p414-GAL1, data not shown). This effect is observed either for Wt or for sem1⌬ complemented with Sem1 or Dss1, the effects of the T-Mods being less severe when sem1⌬ is complemented by plasmid, presumably because of the higher expression levels of Sem1 and Dss1.
A temperature-sensitive growth defect does not, alone, prove that the T-Mods are interfering with normal Sem1 function in vivo as opposed to having a nonspecific toxic effect at elevated temperature. We therefore devised a genetic test that specifically examines whether the T-Mod impairs proteasome-associated Sem1 activity. Previous work has shown that cells lacking both the proteasomal subunit Rpn10 and Sem1 (rpn10⌬sem1⌬) are extremely sensitive to any stress that requires proteasome activity. One such stress is DNA damage induced by hydroxyurea (HU). rpn10⌬sem1⌬ is killed in the presence of HU, whereas the rpn10⌬ strain is not. Sem1 and the Rpn10 proteasome subunit are thus both required to maintain functionality of the proteasome (33) . When the anti-Dss1 T-Mod is expressed in the rpn10⌬ strain (Figure 4 , panel c) and the cells are exposed to DNAdamaging concentrations of hydroxyurea (HU), the cells die. Thus, expression of the anti-Dss1 TPR, in the context of the rpn10⌬, recapitulates the effect of a chromosomal deletion of Sem1. The effect is specific: there is no sensitivity to HU at 30°C if the anti-Dss1 TPR is expressed in a wild-type strain or if the T-Mod is expressed in rpn10⌬ cells at 30°C, in the absence of HU. The sensitivity to HU in rpn10⌬ expressing antiDss1 TPR is marked, but less severe than the sensitivity seen with rpn10⌬sem1⌬ cells. This observation is consistent with the T-Mod inhibiting Sem1 proteasome associated function. The ability of the antiDss1 T-Mod to phenocopy a specific sem1⌬ rpn10⌬ defect directly links the expression of T-Mods to inhibition of the proteasomal function. In particular, the anti-Dss1 T-Mods have a pronounced effect on the proteasome-associated function in DNA repair (42).
We have described a generally applicable method by which to create novel binding modules to study protein function in vivo. Such modules have a variety of applications, such as rewiring cellular networks or tracking or inhibiting cellular proteins, which we have demonstrated. An important feature of such genetically encoded modules is that their intracellular concentrations can be finely tuned, both temporally and spatially. By contrast, the use of exogenously added small molecules is limited by the uncertainly of intracellular concentrations, which depend both on the cellular uptake and metabolic degradation of the compound. The T-Mod strategy is also advantageous over methods, such as siRNA, that simply lower or abolish the expression of a particular protein because it allows the inhibition of specific interactions of a protein, while leaving other activities intact.
METHODS

TPR Library Construction and Library Screen.
Seven residues were selected for randomization (K229, N233, Y236, N264, K301, R305, and N308 of Hsp Organizing protein, Hop, where the TPR2A domain is amino acids 222Ϫ352). To construct the library, we designed six overlapping oligonucleotides corresponding to the TPR2A gene and assembled a combinatorial library of genes by Klenow extension and PCR (43) . We randomized the selected positions by using a codon mixture (in the oligo synthesis) with an equal, unbiased distribution of 19 amino acids (cysteine codons were excluded from the mixture to avoid the formation of disulfide linkages). The gene library was cloned into the pMRBAD-CGFP vector expressing the C-terminal half of GFP and transformed in E. coli cells containing the DSS1-C19 target peptide fused to the N-terminal half of GFP. After growth and induction the cell population was screened using FACS, and the fluorescent-positive colonies were isolated and sequenced. We provide a full description of the experimental conditions in the following Article.
TPR Cloning, Purification, and Characterization. Two of the positive hits identified in the screen were re-cloned into the pPro-Ex-HTa vector for protein overexpression. The proteins were expressed as His-tagged fusions and purified using standard protocols. The circular dichroism spectra and the thermal denaturation curves of the proteins were acquired as described in the following Article.
Isothermal Titration Calorimetry (ITC) Binding Assays. Experiments were performed using a Microcal ITC-200 in 150 mM NaCl, 50 mM phosphate, pH 7.4, at 25°C. The reference power was set to 4 Cal s
Ϫ1
, and injection volume to 2 L with 180 s equilibration time between injections. Dss1-C19 peptide solutions were titrated at a concentration from 1 to 2 mM into the T-Mod(Dss1) solutions at a protein concentration around 100 M. The binding enthalpies were integrated and fit to a 1:1 binding model to calculate the stoichiometry (N) and the binding affinity (K d ) of the interactions using Origin 7.0.
Yeast Strains, Culture Conditions, and Genetic Methods. S. cerevisiae YPH499 is the WT strain, YMF12-1a (MHY2835) is the strain lacking the chromosomal SEM1 gene (sem1⌬), MHY4550 is the strain lacking the chromosomal RPN10 gene (rpn10⌬), and MHY-5817 is the congenic strain lacking both SEM1 and RPN10 genes (sem1⌬rpn10⌬) (33) . Full-length dss1 protein was cloned into the p416GPD vector (URA3, GPD promotor). TPR domains T-Mod(Dss1A) and T-Mod(Dss1B) were cloned fused to a N-terminal nuclear localization signal (SV40-NLS) in p414-GAL1 (TRP1, CEN expression vector, GAL1 promoter) and p424-GAL1 (TRP1, 2 m expression vector, GAL1 promoter) vectors. Synthetic media (SD) lacking For the growth assays the strains were cultured overnight in SD media lacking the appropriate nutrients at 25°C. The cell density was adjusted to A 600 ϭ 0.5, and 1. www.acschemicalbiology.org
